The perovskite-type compounds containing both rare earth and rhenium Sr 2 
Abstract
The perovskite-type compounds containing both rare earth and rhenium Sr 2 LnReO 6 (Ln = Y, Tb-Lu) have been prepared. Powder X-ray diffraction measurements and Rietveld analysis show that Ln 3+ and Re 5+ ions are structurally ordered at the B site of the perovskite SrBO 3 .
Magnetic anomalies are found in their magnetic susceptibility and specific heat measurements at 2.6-20 K for Ln = Y, Tb, Dy, Yb, Lu compounds. and with decreasing temperature, the moments of Dy 3+ ferromagnetically order at 5 K from the measurements of magnetic susceptibility and specific heat.
Introduction
The perovskite-type oxides have the general formula ABO 3 , in which A represents a large electropositive cation and B represents a small transition metal ions. This type of oxides are known to show interesting physical properties, such as ferroelectricity, electrical conductivity, superconductivity, and magnetoresistance, due to their diversity of crystal structure and electronic properties. We have been focusing our attention on the rare earth containing perovskite-type oxides. The rare earth ion is relatively large and tends to adopt a high coordination number. Therefore, the rare earth ion usually sits at the A site of the perovskite-type oxides ABO 3 . Not the A site ions but the B site ions normally determine the physical properties of the perovskites [1] . Among them, magnetic properties of pentavalent ruthenium-containing perovskite oxides have aroused a great deal of interest, because the Ru 5+ ion has the largest possible spin (S = 3/2). of Ba 2 YReO 6 have been discussed from the point of geometry frustrated structure [30] .
In this study, we have paid our attention to the structural chemistry and magnetic properties From the standpoint of tolerance factor for the perovskite structure, the number of the double perovskite oxides containing both rare earth and rhenium ions at the B-site of the perovskite Sr 2 LnReO 6 is expected to be limited. Therefore, it is important to systematically study the formation of the double perovskite Sr 2 LnReO 6 and their crystal structures. were pressed into pellets and enwrapped with platinum foils, and they were sealed in evacuated silica tubes. The mixtures were annealed at 1,073-1,373 K for 6-24 h with several intervening re-grinding and re-pelletizing.
Experimental

Sample preparation
X-ray diffraction analysis
Powder X-ray diffraction profiles were measured using a Rigaku Multi-Flex diffractometer with Cu-Kα radiation equipped with a curved graphite monochromator. The data were collected by step-scanning in the angle range of 10° ≤ 2θ ≤120° at a 2θ step-size of 0.02°. The X-ray diffraction data were analyzed by the Rietveld technique, using the program RIETAN-FP [31] and the crystal structure was drawn by VESTA program [32] .
Magnetic susceptibility measurements
The temperature-dependence of the magnetic susceptibility was measured in an applied field of 0.1 T over the temperature range of 1.8 K ≤ T ≤ 400 K, using a SQUID magnetometer (Quantum Design, MPMS5S). The susceptibility measurements were performed under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. The former was measured upon heating the sample to 400 K under the applied magnetic field of 0.1 T after zero-field cooling to 1.8 K. The latter was measured upon cooling the sample from 400 to 1.8 K in the applied field of 0.1 T.
Specific heat measurements
Specific heat measurements were performed using a relaxation technique by a commercial heat capacity measuring system (Quantum Design, PPMS) in the temperature range of 1.8-400 K.
The sintered sample in the form of a pellet was mounted on a thin alumina plate with Apiezon for better thermal contact.
Results and Discussion
Crystal structure
The results of X-ray diffraction measurements show that Sr 2 LnReO 6 (Ln = Y, Tb-Lu)
compounds were formed as a single phase with perovskite-type structure. Due to the large ionic radius for Ln = La ~ Gd, the perovskite-type compounds were not obtained. The stability of perovskites is generally estimated by the tolerance factor t. For the double perovskite compounds A 2 B'B"O 6 , this factor is defined by Eq. (1)
where r A , r B' , r B" , and r O are radii of the A, B', B" metal ions and oxygen ions, respectively. For an ideal cubic perovskite structure, the value of t is equal to unity, whereas for structures distorted from cubic symmetry, the value of t becomes <1. The tolerance factors for Sr 2 LnReO 6 with Ln = La ~ Gd are calculated to be less than 0.93, which destabilizes the double perovskite-type structure. Figure 1 shows the X-ray diffraction profile for Sr 2 LuReO 6 . The super lattice reflection appears at 2θ ~ 19°, indicating that the compound is not single perovskite but double perovskite.
The Rietveld analysis for the X-ray diffraction profile shows that the diffraction lines are indexed with the monoclinic structure with space group P2 1 /n. This space group allows two crystallographically distinct octahedral sites in the double perovskite structure, thus permitting 1: Table 2 . Figure 3 shows the variation of lattice parameter for Sr 2 LnReO 6 with the ionic radius of Ln 3+ . As the ionic radius of Ln 3+ increases, all the lattice parameters (a, b, and c) increase. The variation is nearly linear, so it is thought that the oxidation state of the rare earth is trivalent and that of rhenium is pentavalent for all the compounds Sr 2 LnReO 6 (Ln = Y, Tb-Lu). In the case that some of the rare earth ion is in the tetravalent state, the deviation from the linear relationship between the lattice parameters and the ionic radius of Ln 3+ has been observed for Sr 2 LnIrO 6 [15] and Ba 2 LnIrO 6 [19] . [33] .
The bond valence sums (BVS) are calculated from the interatomic distances [34, 35] , and they are listed in Table 3 . These values also indicate that the Ln and Re ions are in the trivalent and pentavalent, respectively.
Magnetic properties
The results of the magnetic susceptibility measurements for Sr 2 LnReO 6 (Ln = Y, Tb-Lu) in the temperature range between 1.8 and 400 K are summarized in Table 4 . The Curie-Weiss law is valid for the magnetic susceptibilities of Sr 2 LnReO 6 in high temperature ranges (> 100 K). The effective magnetic moments (µ eff ) and Weiss constants (θ) of these compounds are also listed in In this Sr 2 LuReO 6 compound, only the Re 5+ ions are magnetic. The magnetic entropy change (S mag ) associated with the magnetic ordering of Re 5+ moments is estimated from the specific heat data. To evaluate the magnetic contribution to the specific heat (C mag ), we have to subtract the contribution of lattice specific heat (C lat ) from the total specific heat (C mag = C p -C lat ). The lattice specific heat was estimated by using the specific heat data for diamagnetic Sr 2 LuTaO 6 . From the temperature dependence of the magnetic specific heat, the magnetic entropy change (S mag ) for Sr 2 LuReO 6 is calculated by integrating the magnetic specific heat divided by temperature (C mag /T), i.e., S mag = ( )dT
The temperature dependence of S mag is shown in Fig. 9 The results of the specific heat measurements for Sr 2 YReO 6 are quite similar to those for Sr 2 LuReO 6 . A specific heat anomaly has been found at the same temperature at which the magnetic susceptibility shows the antiferromagnetic transition (Supplementary figure S1).
Sr 2 YbReO 6
Figure 10 depicts the magnetic susceptibility vs. temperature curve for Sr 2 YbReO 6 . ZFC and FC susceptibilities begin to diverge when the temperature is decreased through 50 K.
Magnetic anomaly has been observed in the ZFC susceptibility vs. temperature curve at 20 K.
The inset of Fig. 10 Figure 11 shows the temperature dependence of the specific heat (C p ) for Sr 2 YbReO 6 . A clear λ-type specific heat anomaly has been observed at 20 K, which corresponds to the magnetic anomaly observed by the magnetic susceptibility measurements. The magnetic specific heat (C mag ) of Sr 2 YbReO 6 was estimated by subtracting the contribution of the lattice specific heat (C lat ) from the total specific heat (C p ). The magnetic entropy change (S mag ) associated with the magnetic ordering of Sr 2 YbReO 6 is calculated by integrating the magnetic specific heat divided by temperature (C mag /T), in the same way as is the case for Sr 2 LuReO 6 . The temperature dependence of the S mag for Sr 2 YbReO 6 is shown in Fig. 12 The results of the magnetic susceptibility measurements for Ln = Ho, Er, Tm compounds
show that there exists no magnetic ordering down to 1.8 K. No divergence between ZFC and FC susceptibilities has been observed. No specific heat anomaly are found down to 1.8 K. Figure 13 shows the temperature dependence of the reciprocal magnetic susceptibilities for Sr 2 LnReO 6 (Ln = Ho, Er, and Tm). The Curie-Weiss law is valid for the magnetic susceptibilities above 100 K. In Figure 14 depicts the magnetic susceptibility vs temperature curve for Sr 2 TbReO 6 , clearly indicating that Sr 2 TbReO 6 is a typical antiferromagnet and that the Néel temperature (T N ) is 2.6 K. No divergence between ZFC and FC susceptibility has been observed below T N . Figure 15 shows the temperature dependence of the specific heat for Sr 2 TbReO 6 , indicating the existence of the magnetic anomaly at the same temperature as that found by magnetic susceptibility measurements. The inset shows the specific heat divided by temperature (C p /T) at low temperatures.
Sr 2 DyReO 6
Figure 16 (a) shows the temperature dependence of the magnetic susceptibility for Sr 2 DyReO 6 . When the temperature is decreased through 5 K, the susceptibility steeply increases.
The inset of Fig. 16 (a) shows the reciprocal susceptibility vs temperature curve in the temperature range between 1.8 and 100 K. If we apply the Curie-Weiss law below 50 K, the Weiss constant is obtained to be 10 K, which indicates the magnetic behavior at low temperatures is ferromagnetic. should be split by the crystal field and that the ordered moment is lowered. Figure 18 shows the temperature dependence of the specific heat measured for Sr 2 DyReO 6 , indicating the existence of two λ-type specific heat anomalies at 5 and 93 K. The anomaly observed at 5 K corresponds to the results by magnetic susceptibility measurements. Another clear specific heat anomaly has been observed at 93 K, although no magnetic anomaly behavior has been found in its magnetic susceptibility vs temperature curve ( Fig. 16 (a) ). Since the magnetic moment of Dy 3+ is much larger than that of Re 5+ , the magnetic ordering of Re 5+ ions should be hindered by paramagnetic behavior of Dy 3+ ions in the magnetic susceptibility vs temperature curve. Then, we performed the d(χT)/dT plots against temperature in the temperature range between 40 and 200 K in Fig. 16 (b) , following the method by Fisher [42] . A change of d(χT)/dT has appeared when the temperature is decreased through 95 K, which accords with the specific heat measurements. We consider that the magnetic moments of Re 5+ ions first order at 93 K, and then the moments of Dy 3+ ions are ordered when the temperature is furthermore decreased through 5 K.
Summary
A series of perovskite-type compounds containing both rare earth and rhenium found that magnetic ordering of the Re 5+ moments occurs at around 90K, and with furthermore decreasing temperature, Dy moments ferromagnetically order from the magnetic susceptibility and specific heat measurements. *para: paramagnetic behavior in the whole temperature range.
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